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1 Introduction

With the release of the 3.1–10.6 GHz band for ultra-wideband (UWB) operation, a
variety of typical UWB applications evolved; examples are indoor/outdoor com-
munication systems, ground-penetrating and vehicular radars, wall and through-
wall imaging, medical imaging and surveillance, e.g. [1, 2]. Many future systems
will utilize handheld devices for such short-range and high bandwidth applications.
Therefore, the realization of UWB antennas in printed-circuit technologies within
relatively small substrate areas is of primary importance. And a number of such
antennas with either microstrip, e.g. [3, 4, 5, 6, 7, 8, 9, 10] or coplanar waveguide
feeds, e.g. [11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23], and in combined tech-
nologies, e.g. [24, 25], have been presented recently, mostly for the 3.1–10.6 GHz
band, but also for higher frequency ranges, e.g. [26].

Since UWB systems involve the transmission and reception of short pulses, the
variations of radiated amplitudes and phases over frequency contribute to the distor-
tion of the pulse. While the amplitude variation is usually indicated by changes in
the peak gain or radiation patterns, the frequency-dependent phase variation is often
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omitted, and related data is published only sporadically, e.g., [5, 7, 17, 26]. In order
to quantify this behavior, one of two methods is usually applied.

First, in the frequency domain, the spherical wave front in the far field is detected
for each frequency, from which the apparent phase center along the antenna surface
or axis can be calculated. Alternatively, the phase variation in the near field over the
main beam is computed for different phase center points moved from a reference
point on the surface of the antenna. Then a valid phase center location is detected if
the phase variation over the main beam is within a few degrees. These methods are
complicated and time-consuming [26].

Secondly, in the time domain, a transient analysis is performed which leads to
the group delay. A pulse, whose frequency spectrum covers the bandwidth of the
antenna, is generated, applied at the antenna input and its radiated pulse detected.
Both pulses are Fourier transformed and their phase response recorded. The group
delay is obtained from the derivative of the phase variation with respect to angular
frequency [7].

In this paper, the Transmission-Line Matrix (TLM) method in the time domain
is utilized to determine the group delay of two printed circuit UWB antennas. The
first one is a recently developed, new coplanar-waveguide antenna [27], the second a
published microstrip antenna [9, 10] with so far no information about phase variations.

2 Coplanar UWB Antenna

Figure 1 shows the layout and the superimposed coordinate system of the UWB
antenna in coplanar technology. It uses an FR4 substrate of 1mm thickness, an
area of 30mm× 40mm (W×L), a permittivity of εr = 4.7 and a loss tangent of

Fig. 1 Layout and coordinate
system of UWB antenna in
coplanar technology
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tanδ = 0.018. It appears to be a stepped version of a similar antenna presented in
[20]. However, there are two fundamental differences. First of all, the antenna in
[20] is a slot radiator, which maintains metallic strips at the left and right edges
of the substrate. Such metallic strips are missing in Fig. 1 and thus result in a
somewhat conical shape of the radiating profile – similar to a tapered slot antenna.
Secondly, the stepping is chosen such that the smallest dimension is 0.5 mm. This
contributes to low manufacturing sensitivity. However, it also influences the charac-
teristic impedance of the feeding coplanar waveguide, which is significantly higher
than the 50 Ω coaxial line to be connected at the input. (Note that the coaxial line is
also used to physically connect the two ground planes.) As we will show later, this
mismatch is not to the detriment of the antenna performance.

The coplanar UWB antenna was designed using the finite-element software
HFSS R©. For the evaluation of the group-delay characteristics, the antenna was also
analyzed by the TLM time-domain field solver MEFiSTo-3D R©. Figure 2 shows a
comparison between the input reflection coefficients obtained with both methods.
Note that the connection of the input of the antenna to a coaxial cable is included
in both methods. Good agreement is observed, thus verifying the antenna’s perfor-
mance at its input terminal. The input return loss as computer by HFSS between
3.1 GHz and 10.6 GHz is better than 9.4 dB.

The peak gain, computed using HFSS at the dots and spline interpolated, is
shown in Fig. 3. Its variation versus frequency is comparable to other UWB printed-
circuit antennas found in the literature. Note that the direction of the peak gain
varies with frequency and, therefore, is not an indication of the amplitude variation
in a specific direction.

Such a variation is presented by the normalized radiation pattern. The E-field
variation with angle and frequency in the yz-plane (c.f. Fig. 1) is demonstrated
in Fig. 4. (For E-plane and H-plane radiation patterns in other planes, the reader
is referred to [27].) As we will calculate the amplitude variation using a time-
domain technique in the next chapter, it is important to note that in the direction of
θ = φ = π/2, the variation versus frequency in Fig. 4 is in the order of 8 to 9 dB.

Fig. 2 Comparison of input
reflection performance
between HFSS (solid line) and
MEFiSTo-3D (dashed line)
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Fig. 3 Peak gain of the UWB antenna in CPW technology computed by HFSS (dots) and spline
interpolated (solid line)

Fig. 4 Normalized E-plane radiation pattern (computed with HFSS) in the yz-plane (c.f. Fig. 1) at
various frequencies between 3 GHz and 10 GHz

3 Group Delay and Amplitude Variation

In the first part of this chapter, we will demonstrate the time-domain calculation
of the group delay and amplitude variation at the example of the coplanar UWB
antenna presented in Chap. 2. The second part applies the same technique to the
microstrip antenna presented in [9, 10].
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3.1 Coplanar Antenna

Figure 5 shows the setup in MEFiSTo-3D. Since the problem is symmetric with
respect to a magnetic wall in the xz-plane (all other walls are absorbing boundaries),
only half of the computational space is required. The input of the antenna is excited
with a pulse covering the entire frequency spectrum of application. At a point in the
far field, probes detect the vertical polarization Eθ and the horizontal polarization
Eφ . Their orientation with respect to Fig. 1 are depicted in Fig. 6. Note that the
coaxial input port and a reference port are included.

Input and detected signals are Fourier transformed to obtain amplitude and phase
responses. The group delay is obtained from the derivative of the phase response.
Figure 7 shows the input time-domain signal together with its corresponding ampli-
tude (in dB) and phase spectra. Note that the duration of the pulse is about 0.4 ns
and the phase variation is in the order of hundreds of degrees.

The radiated signals Eθ (solid lines) and Eφ (dashed lines) as detected by the
probes in Fig. 5 and their amplitude and phase spectra are shown in Fig. 8. Fig-
ure 8a and b confirm that the main polarization is vertical (Eθ ) since the detected
signal in horizontal polarization (Eφ ) is at least more than 20 dB below the vertical
component. Figure 8c shows the phase variation now in thousands of degrees, which
is a result of the ringing of the detected time signal in Fig. 8a. Moreover, notice that
the main part of the received pulse in Fig. 8a looks similar to a negative derivative
of the input pulse rather than the original input signal in Fig. 7a. Such behaviour is
common in antennas that radiate pulses covering a significant frequency spectrum,
e.g. [28].

Figure 9a and b show the amplitude and group-delay responses, respectively, of
the coplanar UWB antenna fed by a coaxial cable. The amplitude response in the
main polarization (solid line) is between −40 and −50dB which is due to the small

Fig. 5 Setup of one half of
the coplanar UWB antenna
in MEFiSTo-3D including
coaxial input port, probes and
coaxial reference port
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Fig. 6 Orientation of field components received by probes in Fig. 5 with respect to Fig. 1

Fig. 7 Time-domain signal (a), amplitude spectrum (b) and phase spectrum (c) at the input of the
coaxial cable feeding the coplanar antenna (c.f. Fig. 5)
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Fig. 8 Radiated time-domain signal (a), amplitude spectrum (b) and phase spectrum (c) detected
by the probes; Eθ (solid lines) and Eφ (dashed lines)

Fig. 9 Amplitude response (a) and group-delay characteristic (b) of coplanar UWB antenna; ver-
tical polarization Eθ (solid lines), and horizontal polarization Eφ (dashed lines)

effective area of the receiving probes. Since the variations in amplitude and phase
(group delay) determine the distortion of the pulse transmitted by the antenna, the
respective values – as read from the data plotted in Fig. 9 – are summarized below
for both vertical (VP) and horizontal (HP) polarizations.

Frequency range: 3.1 GHz–10.6 GHz
Amplitude variation: < 8.7db (VP); < 23dB (HP)
Group-delay variation: < 163ps (VP); < 620ps (HP)
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Note that the amplitude variation of 8.7 dB in vertical polarization (Eθ ) is in
very good agreement with the radiation patterns displayed in Fig. 4 for individual
frequencies between 3 GHz and 10 GHz. Since Fig. 9 was obtained from data com-
puted by the time-domain solver MEFiSTo-3D and Fig. 4 from that of the frequency-
domain package HFSS, this agreement (together with Fig. 2) verifies the design and
performance of the coplanar UWB antenna.

3.2 Microstrip Antenna

In order to compare the results obtained for the coplanar UWB antenna with those
of a different antenna, we apply the above time-domain method to the microstrip
UWB antenna presented in [9, 10].

As a verification of the model, Fig. 10 shows the input reflection coefficient (in
dB). The VSWR measurements in [9, 10] have been converted to reflection co-
efficients and are shown as dash-dotted lines. The data from HFSS are shown as
dashed lines and are in reasonable agreement with measurements. Note that the
HFSS model includes the connection to a coaxial cable. In order to reduce the
computational domain, i.e., shorten the long microstrip feed line shown in [9],
the coaxial connector could not be modelled in MEFiSTo-3D. Therefore, and es-
pecially in the higher frequency range, the agreement between measurements and
MEFiSTo-3D is not as good as that with HFSS. However, the basic shape and the
reasonably small discrepancies validate the numerical computations.

After exciting the microstrip antenna with a pulse shown in Fig. 7, detecting the
radiated signal and calculating amplitude and phase responses, the data presented in
Fig. 11 is obtained. Between 3 GHz and 10 GHz, the amplitude variation in vertical
polarization is similar to that of the coplanar UWB antenna in Fig. 9a. The signal
level difference between horizontal and vertical polarizations in Fig. 11a is smaller
than that in Fig. 9a. This is due to the fact that the x-component of the electric field
represents the main polarization in a microstrip line if the antenna is oriented in the
same way as the coplanar one in Fig. 1.

Fig. 10 Input reflection
coefficient in dB of the
microstrip UWB antenna
of [9, 10]; calculated values
from VSWR measurements in
[9, 10] (dash-dotted line),
HFSS (dashed line) and
MEFiSTo-3D (solid line)
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Fig. 11 Amplitude response (a) and group-delay characteristic (b) of the microstrip UWB antenna
in [9, 10]; vertical polarization Eθ (solid lines), and horizontal polarization Eφ (dashed lines)

The group delay performances of the microstrip antenna are inferior to those of
the coplanar antenna in both polarizations. The following values are obtained:

Frequency range: 3.0 GHz–10.0 GHz
Amplitude variation: < 8.8db (VP); < 31dB (HP)
Group-delay variation: < 239ps (VP); < 1.9ns (HP)

3.3 Comparison

Both the coplanar and the microstrip antenna display nearly omnidirectional radia-
tion patterns with characteristics slightly distorting towards 10 GHz (c.f. [9, 10] and
[27] for details). Over the 3.1–10.6 GHz range, the input reflection coefficient of the
coplanar antenna is superior to that of the microstrip antenna. The amplitude varia-
tions in vertical polarization are comparable; in horizontal polarization, however, it
is 8 dB in favour of the coplanar antenna. The group-delay variations of the copla-
nar antenna are much smaller than those of the microstrip antenna and, therefore,
the coplanar structure of Fig. 1 is better suited for UWB applications.

It is noted that a smaller group-delay variation (< 100ps) is reported in [7] for
a microstrip UWB antenna with two slots in the radiating patch. However, the gain
of that antenna is lower that the one reported in Fig. 3 and even drops below 0 dB
above 9.8 GHz [7].

4 Conclusion

Time-domain techniques, applied here in form of the TLM solver MEFiSTo-3D,
present a viable option for the analysis and modelling of UWB printed-circuit anten-
nas. Amplitude characteristics extracted from the time-domain solution agree well
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with frequency-main methods, which are used for the design of UWB antennas. The
computation of group-delay data in an actual application of pulsed transmission is
one of the clear advantages of time-domain over frequency-domain techniques.

The time-domain modelling procedure presented here is applied to two different
printed-circuit UWB antennas, and agreement with frequency-domain computations
and measurements is demonstrated.
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